Topologically associated domains (TADs) are defined as chromosomal regions of approximately 1 Mb that contain sequences that interact with each other more frequently than they do with sequences throughout the rest of the genome 1, 2 . TADs are mostly conserved among different cell types and even across species, suggesting that they form a fundamental layer of chromosome folding in the nucleus. One of the defining features of TAD boundaries is enrichment of CCCTC-binding factor (CTCF) and cohesin complex shared sites. These boundary sites typically interact to create a looped domain that might favour interactions within TAD boundaries 3 . Consistent with this, enhancers almost always interact with genes in the same TAD. Conceptually, this boundary function of CTCF fits well with its function as an architectural protein, but also as an insulator of enhancer activity. Several studies have shown that deletion of TAD boundary elements or specifically TAD boundary CTCF sites resulted in inappropriate contacts of enhancers with neighbouring genes and the subsequent expression of these genes, termed 'enhancer adoption' [4] [5] [6] . However, despite enrichment at TAD boundaries, most CTCF sites (85%) occur within TADs, and how they function is largely unknown. They are thought to define smaller domains of interaction termed sub-TADs 7 , but 80% of enhancer-gene long-range contacts skip over intervening CTCF sites within TADs, suggesting that the insulator activity of sub-TAD CTCF is context-dependent 8 . One possible explanation is that interaction patterns of intra-TAD CTCFcohesin sites might have a tissue-specific character. In this issue of Nature Cell Biology, Hanssen et al. 9 reveal that a series of CTCFcohesin sites surrounding the α-globin genes and their complex enhancer define a sub-TAD domain that forms in mouse primary erythroid cells, but not in embryonic stem cells (ESCs). A small deletion removing critical CTCF-cohesin sites resulted in enlargement of this looped domain and allowed the enhancers to inappropriately activate newly encompassed nearby, non-erythroid genes. Although the basis for the tissue specificity of the CTCF-cohesin loop remains unknown, these results show that intra-TAD CTCF-cohesin sites are likely to play an important role in keeping enhancers faithful to correct target genes.
To address the function of intra-TAD CTCFcohesin sites in regulation of gene expression, Hanssen et al. used a genome locus containing several sub-TADs including one with the syntenic α-globin gene cluster as the main component. A wealth of information is available detailing the chromatin structure and transcriptional activity of the duplicated α-globin genes (Hba-a1 and Hba-a2) and their enhancers (R1-R4, and Rm that is mouse-specific) that contribute to α-globin gene transcriptional activity exclusively in erythroid cells (Fig. 1a) 
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. Interestingly, the enhancers are almost all within the introns of the widely expressed gene Nprl3 that is the nearest upstream neighbour to the α-globin genes.
What provides the specificity that defines the interaction between the α-globin enhancers and genes? Applying high-throughput sequencing for DNase I hypersensitive sites (DNase-seq), transposase-accessible chromatin (ATACseq) and chromatin immunoprecipitation (ChIP-seq), Hanssen et al. comprehensively demonstrated that sites of open chromatin surrounding the α-globin cluster correspond to CTCF-cohesin sites. Taking into account the insulator role of CTCF, the authors proposed that intra-TAD CTCF loops might be responsible for determining α-globin enhancer-gene interaction patterns. Based on the recent observation that CTCF loops are preferentially formed between CTCF-occupied sites in a convergent orientation 11 , the authors screened sequences up-and downstream of the α-globin genes and their enhancers and discovered clusters of convergently oriented (with one exception) CTCF-cohesin sites that are occupied by these proteins in both ESCs and primary erythroid cells.
To investigate the mechanisms by which CTCF sites might influence the tissue specificity of gene expression, they applied next generation Capture-C technology using mouse ESCs and primary erythroid cells 12 . The authors detected broad, diffuse interactions across the α-globin locus in ESCs but much stronger interactions in erythroid cells including specific contacts between the enhancers and genes. The locus flanking convergent CTCF sites make contact with each other but, for the most part, do not contact the α-globin enhancers or genes. Moreover, the CTCF-CTCF contacts are considerably stronger in erythroid cells than in ESCs. The observations suggest that the α-globin cluster-encompassing CTCF looping interactions constitute a sub-TAD and function to constrain α-globin enhancer activity in a tissue-specific manner. Consistent with this model, expression of Nprl3, located inside the CTCF loops, is substantially increased in erythroid cells compared to ESCs. However, genes located in the upstream, neighbouring sub-TAD are expressed similarly in ESCs and erythroid cells (Mpg, Snmp25 and Il9r) or are silenced (Rhbdf1).
To provide in vivo functional evidence supporting the model, the authors applied TALEN and CRISPR-Cas9 genome editing to generate mice with deletions of CTCF-binding sites located just upstream of the α-globin enhancers (HS-38, HS-39 and HS-29) (Fig. 1a) . Simultaneous deletion of the HS-38 and HS-39 sites completely abolished CTCF occupancy at the sites and, strikingly, resulted in an enlarged sub-TAD domain delineated by the same downstream CTCF sites and new CTCF sites further upstream from HS-38/HS-39 in primary erythroid cells. Within this enlarged loop, the α-globin enhancers and the non-erythroid genes Mpg, Rhbdf1 and Snmp25, formerly excluded from the α-globin sub-TAD, interact. RNA sequencing experiments confirmed that de novo looping between α-globin enhancers and these ectopic genes substantially increased their expression, although to varying extents. Expression of Il9r, which remains outside the newly enlarged sub-TAD loop, was not affected.
Not surprisingly, there was an increase in the H3K4me3 histone mark and in RNA polymerase II occupancy, accompanied by an increase in chromatin accessibility at the newly activated gene promoters. Interestingly, ectopic activation of Rhbdf1, which is normally silenced in erythroid cells, was not accompanied by loss of H3K27me3 or PRC2 complex occupancy at the gene promoter, suggesting that insulation of Rhbdf1 from the α-globin enhancers is required for polycomb-mediated repression of gene expression. Deletion of the HS-38 site alone had a more moderate effect compared with the double deletion on activation of gene expression, while deletion of only HS-39 did not result in gene expression changes. The results suggest the two divergently oriented CTCF sites work together to form a functional insulator. Independent deletion of the HS-29 CTCF site that is between two of the enhancers increased looping of the enhancers to the α-globin genes, but did not measurably affect the already very high transcription level.
Overall, the results of Hanssen et al. show that convergent, interacting CTCF sites surrounding the α-globin cluster act as a boundary to ensure erythroid-specific activation of the α-globin genes but not their non-erythroid neighbours (Fig. 1b) . Enlargement of the region constrained by CTCF looping to include the non-erythroid Mpg, Rhbdf1 and Snmp25 genes and to allow their inappropriate activation by the α-globin enhancers is a satisfying mechanistic dissection of insulator antagonism of enhancers in vivo. Still, questions remain. What attributes of CTCF-occupied sites in chromatin underlie the erythroid-specific looping around the α-globin cluster observed in this work? The authors speculate that there might be additional cohesin recruitment to the locus in erythroid cells that could contribute to stabilization of CTCF-CTCF interactions but this remains to be demonstrated. Why are the ectopically activated gene promoters receptive to the α-globin enhancers? The basis for the new long-range enhancer communication with non-erythroid genes, which is thought to depend on the binding of compatible transcription factors to each 13, 14 , is unclear. Other uncertainties remain. For example, what is the basis for the functional distinction among CTCF sites HS-29, HS-38 and HS-39 revealed by the differing effects of their deletion on chromatin structure and gene expression? Also, how can the α-globin enhancers skip over a CTCF site near Hbq1b to activate the Hba-a2 gene and how can these enhancers activate the NME4 gene, 400 kb from the human α-globin cluster, despite intervening CTCF sites/sub-TAD boundaries 15 ? Overall, there is a pressing need to understand what makes CTCF sites different from one another.
It seems clear from this work that enclosure within a sub-TAD limits an enhancer's choice of target genes. But does the sub-TAD organization actually favour enhancer-gene interactions? In these experiments, loss of at least one sub-TAD boundary, albeit with formation of an enlarged sub-TAD, had no deleterious effect on enhancer-α-globin interaction or activity, suggesting the answer might be negative. Nor did inclusion in the enlarged loop of additional genes responsive to the enhancers seem to affect α-globin expression by competition. However, since the α-globin genes are expressed at such high levels, any diminution of their activity after HS-38/39 deletion might be difficult to observe. Finally, the approaches illustrated in the work of Hanssen et al. will be important to address other questions in the field, such as, does the larger . The head of the pin is a loop that encloses an enhancer and its target genes but excludes an unrelated gene. When genome editing is used to remove the CTCF site at one end of the loop, the loop still forms but is enlarged by interaction of the next appropriate CTCF site. This results in incorporation of a new gene that then becomes a target of the enhancer.
TAD encompassing the α-globin cluster change when sub-TAD boundaries and enhancer-gene interactions within it are changed? This kind of question begins to address the issue of whether form follows function or the other way around.
Origin and regulation of a lung repair kit

Jichao Chen
The lung undergoes a striking repair process in response to severe injuries such as influenza infection. A study now demonstrates that associated stem/progenitor cells are heterogeneous in nature and comprise subpopulations dominated by hypoxia/Notch or Wnt signalling. Modulation of this heterogeneity in favour of functional repair may have therapeutic value.
As a vital organ that is in constant risk of injury from exposure to airborne agents, the lung has evolved multifaceted repair tools using regional stem/progenitor cells 1 . One striking example is the formation of large clusters of keratin 5 (Krt5) cells that were originally discovered in a mouse model of severe influenza infection and also observed in fibrotic human lungs 2, 3 . Xi et al. now considerably advance our understanding of the cellular origin and molecular regulation of these Krt5 cells 4 . An ideal injury response in the lung should satisfy the short-term need of re-establishing the epithelial barrier to prevent tissue fluid loss and further infection, as well as the longterm goal of restoring the pre-injury cellular structure and function. In animal models of limited injury, the lung mobilizes several cellular sources including basal cells, club cells, and alveolar type II (known as AT2 or AEC2) cells to repair the local damage 1 . However, when faced with extensive injury caused by sublethal influenza infection and, to a lesser extent, bleomycin exposure, the lung resorts to a unique distal stem/progenitor cell population that expands rapidly to form Krt5 cell clusters in the damaged alveolar region 2, 3, [5] [6] [7] . This injury response is remarkable and has generated substantial interest for several reasons. First, these Krt5 cells are believed to arise from immature stem/progenitor cells that are named distal airway stem cells (DASCs) or lineage-negative epithelial progenitors (LNEPs) by different groups 2, 3 . Second, although quiescent and rare in a healthy lung, these stem/progenitor cells proliferate dramatically to form clusters of hundreds, if not thousands, of cells in the alveolar region within days after injury. Third, unlike conventional epithelial cells, such activated cells are highly mobile. Finally, although capable of differentiation into functional alveolar cells, the Krt5 cells remain mostly as an undifferentiated dysplastic epithelium in vivo 7 . For these reasons, origin, activation, expansion, and differentiation of this stem/progenitor cell population have remained unclear and are now tackled in this study.
Previous lineage tracing experiments demonstrated that the majority of Krt5 cell clusters do not descend from known mature lung epithelial cells, although they can be lineage traced using Sox2
CreER , which labels all airway cells 3, 6 . The original study 2 identified rare transformation-related protein 63 (Trp63 or p63) cells in the distal airways that can be cloned as stem cells in culture. Hence, the authors suggested that the Krt5 cell clusters, which also express p63, arise from these rare p63 cells 2 . This possibility is now demonstrated convincingly in the current study by Xi et al. using p63
CreER , which labels rare distal airway cells in a healthy lung and nearly all Krt5 cells on influenza infection. By contrast,
Krt5
CreER lineage tracing labels only a small fraction of the Krt5 cell clusters 3 , suggesting that the p63 cells in the distal airways do not consistently express Krt5 and thus are not bona fide basal cells.
Having identified the origin of the Krt5 cell clusters, the authors searched for the signals that lead to their expansion in the alveolar region and observed a remarkable correlation between these clusters and hypoxia. Strikingly, genetic deletion of hypoxia inducible factor 1, alpha subunit (Hif1a), a key mediator of the hypoxia response, largely blocked the formation of the Krt5 cell clusters. Perhaps surprisingly, without these Krt5 cell clusters, which have been considered essential for lung repair after influenza infection 5 , the Hif1a knockout mice recovered better, as judged by improvement in body weight, arterial oxygen saturation, and lung barrier function. The authors proposed that although the Krt5 cell clusters quickly resealed the damaged epithelium, they remained dysplastic with limited gas exchange capacity so that blocking their formation by Hif1a deletion activated alternative repair pathways that were better at restoring a functional alveolar epithelium.
Such alternative repair pathways are supported by several lines of evidence in the current and previous studies 3, 4 . First, transplantation of LNEPs into injured lungs leads to formation of either Krt5 cell clusters or AT2 cells, the latter of which are considered more important in gas exchange 3 . Second, in this study, airway-specific deletion of Hif1a in conjunction with Sox2
CreER lineage tracing showed that instead of forming Krt5 cell clusters, lineage-traced Hif1a knockout airway cells formed
